Summary We identified a protective bone effect at the knee with lipophilic statin use in individuals with chronic spinal cord injury. Lipophilic statin users gained bone at the knee compared to non-users and wheelchair users lost bone compared to walkers. Ambulation and or statins may be effective osteogenic interventions in chronic spinal cord injury (SCI). Introduction SCI increases the risk of osteoporosis and lowimpact fractures, particularly at the knee. However, during the chronic phase of SCI, the natural history and factors associated with longitudinal change in bone density remain poorly characterized. In this study, we prospectively assessed factors associated with change in bone density over a mean of 21 months in 152 men and women with chronic SCI. Methods A mixed model procedure with repeated measures was used to assess predictors of change in bone mineral density (PROC MIXED) at the distal femur and proximal tibia. Factors with a p value of <0.10 in the univariate mixed models, as well as factors that were deemed clinically significant (gender, age, and walking status), were assessed in multivariable models. Factors with a p value of ≤0.05 were included in the final model. Results We found no association between bone loss and traditional osteoporosis risk factors, including age, gender, body composition, or vitamin D level or status (normal or deficient). In both crude and fully adjusted models, wheelchair users lost bone compared to walkers. Similarly, statin users gained bone compared to nonusers. Conclusions The statin finding is supported by reports in the general population where statin use has been associated with a reduction in bone loss and fracture risk. Our results suggest that both walking and statins may be effective osteogenic therapies to mitigate bone loss and prevent osteoporosis in chronic SCI. Our findings also suggest that loss of mechanical loading and/or neuronal factors contribute more to disuse osteoporosis than traditional osteoporosis risk factors.
Introduction
An estimated 12,500 new cases of traumatic spinal cord injury (SCI) occur in the USA each year. The prevalence has increased from 207,000 cases in 1994 to roughly 276,000 cases in 2014 due to improvements in medical care and greater survival [1] . Long-term follow-up data suggest that, if untreated, more than 30 % of these individuals will sustain a lowimpact fracture at some point following their injury [2] . Fractures have serious health implications in SCI since they severely reduce independence and mobility and result in significant medical complications and increased mortality [3] [4] [5] . Despite this, few SCI-specific risk factors for bone loss have been described, and SCI-specific fracture risk prediction tools have yet to be developed.
In the general population, age, gender, body composition, nutritional status, and hormonal status are established or Btraditional^risk factors for bone loss. In contrast, lack of mechanical loading of the paralyzed extremities is thought to be the primary contributor to SCI-induced osteoporosis. However, no large, prospective studies have examined the role of ambulatory status on longitudinal bone loss after SCI. Similarly, while it has been speculated that traditional risk factors are important after SCI, this has not been demonstrated in prospective observational studies.
Understanding the natural history and risk factors for chronic bone loss following SCI is essential to designing therapies to reduce bone loss, define fracture risk, and ultimately prevent osteoporotic fractures and their associated morbidity. Therefore, in this study, we sought to identify clinical and demographic characteristics associated with longitudinal change in bone density in individuals with SCI. Bisphosphonates are commonly prescribed to treat osteoporosis and inhibit osteoclast activity by blocking the farnesyl diphosphate synthase in the mevalonate pathway. Statins are another widely prescribed class of medication that also inhibit the mevalonate pathway by blocking HMG-CoA reductase. Several recent meta-analyses concluded that statins are osteoprotective in the general population [6, 7] ; however, there are no reports examining statins and bone health after SCI. Therefore, we also assessed the association between statin use and bone loss following paralysis. We hypothesized that wheelchair use would be more strongly associated with bone loss after SCI than traditional osteoporosis risk factors, including age and gender. We also hypothesized that, after adjusting for confounders, regular statin users would lose less bone than nonusers.
Materials and methods

Subjects
For this bone loss sub-study, we assessed participants with chronic SCI who were enrolled in the longitudinal Fracture Risk after SCI (FRASCI) study. Study inclusion criteria and recruitment methods for the parent cohort study have previously been described [8, 9] . Briefly, participants were eligible if they were 22 years of age or older, one or more years after injury, were not ventilator dependent, did not have a tracheostomy, and had no other neuromuscular disease. A total of 191 participants with SCI were enrolled in this cohort between August 2009 and April 2012 and completed two study visits. We excluded 10 subjects because bone density could not be determined at the distal femur or proximal tibia due to knee replacement, fixation rods, heterotrophic ossification, spasms, or contractures preventing proper scan positioning. We excluded 28 participants actively taking medications known to influence bone metabolism (bisphosphonates (n = 18), antiseizure medications (n = 7), or hormones (n = 3)). We excluded one subject actively participating in an exercise-based clinical trial to improve bone health. The final cohort for this bone loss sub-study (FRASCI-bone loss) consisted of 152 men and women with SCI ( Fig. 1) .
Motor score
Motor level and completeness of injury were confirmed by physical exam at study entry by a trained rater according to the American Spinal Injury Association Impairment Scale (AIS). Participants were classified as AIS A or B (motor complete, no motor function below the neurological level of injury); AIS C (motor incomplete, motor function preserved below the neurological level, and more than half the key muscles below the neurological level are not strong enough to overcome gravity); or AIS D (motor incomplete, motor function preserved below the neurological level, and more than half the key muscles below the neurological level strong enough to overcome gravity). Injury severity was then classified in two categories: motor complete SCI (AIS A/B) or motor incomplete SCI (AIS C or D).
Dual X-ray absorptiometry (DXA) for bone mineral density (BMD) and body composition
We used a 5th generation GE Healthcare iDXA dual X-ray absorptiometry (DXA) scanner with enCore configuration version 12.3 to determine bone density and to assess body composition at baseline and follow-up. Total fat mass (kg) and total lean mass (kg) were calculated by the system software from whole body scans. Fractures are most common at the knee (distal femur or proximal tibia) after SCI. Therefore, bone density was determined at both SCI-specific (distal femur and proximal tibia) and standard (femoral neck and total hip) skeletal sites as previously described [10] . As a standard procedure, a phantom supplied by the manufacturer providing three different densities (0.5, 1.0, and 1.5 g/cm 2 ) was measured daily, and accuracy was within 0.003 gm/cm 2 . The RMS-CV was 2.3 %, and RMS-SD was 0.012 g/cm 2 at the distal femur. At the proximal tibia, the RMS-CV was 2.4 %, and the RMS-SD was 0.028 g/cm 2 .
Biochemical analyses
Subjects were asked to undergo testing in a fasting state, and efforts were made to collect samples in the morning before a meal. For subject safety, individuals were advised to have a light meal or snack if fasting could worsen a medical condition (orthostatic hypotension). In all cases, information was collected on time since last meal or snack. Plasma samples were drawn into an EDTA tube and immediately delivered to the core blood research laboratory at our facility. The samples were centrifuged for 15 min at 2600 rpm (1459×g) at 4°C and stored at −80°C until batch analysis. All biochemical analyses were performed at the Clinical & Epidemiologic Research Laboratory, Department of Laboratory Medicine at Children's Hospital in Boston, a state-ofthe-art reference laboratory that specializes in micro-analysis. Assays were performed in duplicate, and any duplicate with >10 % CV was repeated. Total osteocalcin was measured as an indicator of bone formation by electrochemiluminescence immunoassay on a 2010 Elecsys autoanalyzer (Roche Diagnostics, Indianapolis, IN) with a detection limit of 0.50 ng/mL. C-telopeptide was measured as an indicator of bone resorption by electrochemiluminescence immunoassay on a 2010 Elecsys autoanalyzer (Roche Diagnostics, Indianapolis, IN) with a detection limit of 0.01 ng/mL. 25 OH vitamin D was quantified by high-performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS) using an API-5000 (AB Sciex, Foster City, CA) with a detection limit of 1.0 ng/mL.
Variable definition
Information regarding SCI, medical history, medication use, and fracture history was obtained by questionnaire at the time of baseline testing and was updated on follow-up testing. Participants were weighed and supine length measured for the calculation of body mass index (BMI). In subjects with severe joint contractures, length was selfreported (n = 8). Age and BMI were considered as continuous variables. For fracture history, information was collected on timing (before SCI, at time of SCI, or after SCI), location, and cause of fracture. Fractures were then categorized as osteoporotic (i.e., those occurring from standing height or less or in the absence of trauma) or traumatic fracture as previously described [2, 8, 11] . Fractures occurring prior to baseline testing were considered prevalent, and those occurring after baseline testing and before follow-up testing were considered incident fractures. Digit and rib fractures were excluded. When available, medical records were used to confirm self-reported fracture history (35 out of 52 fractures). Osteoporotic fractures that occurred after SCI were considered in the analysis. Usual mobility mode (more than 50 % of the time) was considered in the following two categories: wheelchair use (motorized wheelchair or hand-propelled wheelchair) or walking (with aid such as crutch, cane, or walk without assistance). For postmenopausal women and men age 50 or older, T-score was used to classify hip bone density (total hip and femoral neck) according to the World Health Organization (WHO) definitions of normal (T-score ≥−1), osteopenia (T-score <−1 and >−2.5), and osteoporosis (T-score ≤−2.5). For premenopausal women and men under the age of 50, Z-score was used to classify bone density at the hip as normal (Z-score >−2) or as lower than expected for age and sex (Z-score ≤−2). Statins were categorized as lipophilic (atorvastatin, lovastatin, simvastatin, n = 44) or hydrophilic (pravastatin and rosuvastatin, n = 12). Because lipophilic statins have greater bioavailability within the bone microenvironment, we limited our study to active lipophilic statin users. Therefore, current statin users were defined as those using a lipophilic statin for at least 1 year prior to the follow-up visit. 
Statistical analysis
All analyses were performed using SAS 9.4 (SAS Institute, Inc., Cary, NC). The mean of triplicate BMD determinations at the proximal tibia and distal femur was calculated, and change in BMD at each site was calculated by subtracting mean BMD at baseline from BMD at follow-up and dividing by time between scans. To account for the multiple BMD determinations measured within the same person, a mixed model procedure with repeated measures with unstructured correlation was used to assess predictors of change in BMD (PROC MIXED) at SCI-specific skeletal sites (distal femur and proximal tibia). Factors with a p value of <0.10 in the univariate mixed models, as well as factors that were deemed clinically significant (gender, age, and walking status), were assessed in multivariable models. We included baseline BMD to assess the impact of adjusting for regression to the mean. Factors with a p value of ≤0.05 were included in the final model.
Results
Subject characteristics
Subject characteristics are presented in Table 1 . Participants were aged 55.1 ± 14.4 years (SD) (ranging from 24.7 to 87.1 years) and were 17.9 ± 13.3 years (1.0-58.0) postinjury. The majority was male (87.5 %) and white (86.8 %). Sixty percent of participants used a wheelchair as their primary mode of mobility, and 48 % had a motor complete injury. The mean BMI was 27.7 ± 5.7 kg/m 2 , and 72.5 % of participants had normal vitamin D levels (>20 ng/mL). A total of 41.4 % of participants had osteoporosis. A total of 20.3 % of all participants and 77 % with motor complete SCI reported a prevalent post-SCI osteoporotic fracture (n = 48 fractures) that occurred prior to baseline testing. Prevalent fractures were most common at the knee (distal femur, proximal tibia, or proximal fibula, n = 20, 42 %), followed by ankle (n = 16, 33 %), hip (n = 9, 19 %), humerus (n = 2, 4 %), and pelvis (n = 1, 2 %). Fall was the most common cause, followed by physiologic ranging/loading of the joint (23 %), rolling over in bed (4 %), twisting the leg during a transfer (2 %), or of unknown cause (2 %). Two (1.3 %) participants reported a fall-related post-SCI osteoporotic incident fracture (one wrist fracture and one proximal tibia fracture). Forty-four (29 %) participants were active statin users (taking a lipophilic statin for at least 1 year prior to the follow-up visit). Simvastatin was the most commonly used statin (Table 2, 84.1 %), followed by atorvastatin and lovastatin (9.1 and 6.8 %, respectively). The mean duration of simvastatin use was 7.1 years and ranged from 1.7 to 21.5 years. There was no difference in change in either total body (−0.19 ± 2.1-kg statin users vs −0.22 ± 2.5-kg nonusers, p = 0.96) or lower extremity lean mass (−0.01 ± 1.6-kg statin users vs −0.05 ± 1.4-kg nonusers, p = 0.89) based on statin use, suggesting that statin use was not associated with loss of lean mass. A total of 55 % of statin users ambulated independently versus 45 % of statin nonusers. Motor incomplete:
65 ( Clinical factors associated with change in lower extremity bone density
The mean time to follow-up testing was 21 months (range 16-44 months). In univariate mixed model analyses at the knee (Table 3) , there was no association between longitudinal change in bone density at the knee and age, gender, injury duration, baseline BMI, total body weight, percent total body fat, vitamin D level or status (deficient versus normal), SCI motor completeness, or walking status (p = 0.10-0.98). Statin use, baseline BMD, and change in total body mass were significantly associated with change in bone density at the knee (p = 0.07, p = 0.003, and p = 0.001, respectively).
Given their clinical relevance to bone metabolism, age, injury completeness, walking status, and gender were individually assessed in multivariate mixed models with baseline knee BMD, change in total body weight, and statin use. In a multivariable mixed model assessing change in BMD at the knee (Table 4 , crude model), a greater baseline knee BMD (p = 0.0002) and wheelchair use (p = 0.04) were associated with bone loss. Increases in total body weight (p = 0.005) and statin use compared to no statin use (p = 0.01) were significantly associated with an increase in BMD. Statin users gained BMD compared to nonusers at a rate of 1.64 % (95 %CI 0.30 to 2.99 %) per year. Wheelchair users lost BMD compared to walkers at a rate of 1.45 % (95 % CI −2.86 to −0.04 %) per year. There was no association between (Table 4 , fully adjusted and male only models). When removing baseline BMD from the analysis, the statin effect remains significant (p = 0.02).
Discussion
We prospectively assessed factors associated with change in bone density at the knee over a period of 16 to 44 months in 152 individuals with SCI. There is no consensus-based protocol for DXA scanning at the knee. However, in this study, we used a well-validated knee DXA method used in prior biomarker and bone strength studies in SCI [2, [8] [9] [10] [11] [12] . We found no association between traditional osteoporosis risk factors, including age, gender, body weight, %-total fat, vitamin D level, or vitamin D status (normal or deficient) and change in bone density at the knee. In univariate and multivariable analyses that included adjustment for baseline BMD at the knee, wheelchair use was associated with bone loss compared to walking while lipophilic statin use for 1 year or more was associated with a gain in BMD compared to no statin use. We found no association between change in BMD and SCI motor completeness, suggesting that ambulatory status contributes more to bone health than injury severity after SCI. An association between hydrophilic statin users and bone loss could not be assessed in the current study, as there were only 12 active hydrophilic statin users in this cohort. The FRASCI study is the largest longitudinal study of disuse osteoporosis and the first to assess the impact of multiple risk factors for bone loss during the chronic phase of SCI. Although we studied participants for a relatively short time compared to their overall injury duration, we were still able to detect effects of lipophilic statin use and differences in ambulatory mode. In addition, as our cohort included participants whose follow-up began at different times after injury, adjustment for initial BMD allowed us to account for differences in bone loss trajectories, since our results indicate that persons with higher BMD values are at risk for greater degrees of bone loss. The differences we detected based on statin use (1.5-1.8 %) are of the same magnitude reported in both cohortbased studies [13] and clinical trials [14, 15] . Moreover, our finding of a significant difference in bone loss between wheelchair users and walkers demonstrates the importance of mechanical loading or the lack thereof on bone metabolism following lower extremity paralysis. Contrary to the general population, age and gender were not risk factors for longitudinal bone loss in this study. We did not find associations between traditional risk factors and rates of bone loss in this study, consistent with prior reports that distinguish SCI-induced osteoporosis from postmenopausal or age-related bone loss. Both men and women of all ages develop severe osteoporosis following SCI with rapid bone loss ensuing immediately after cessation of walking due to paralysis. While 40 % sublesional bone loss is common within the first 3 years after SCI, bone loss of this magnitude is rare in postmenopausal or age-related osteoporosis. Our findings suggest that mechanical loading, and the loss thereof, is an important determinant of bone health following paralysis. It is possible that a weaker association exists between bone loss and traditional osteoporosis risk factors, such as age and gender, which might be detected by a larger study. Further work is needed to determine this. There were few women in the cohort, limiting our ability to study the effect of gender. It is also possible that a longer duration of follow-up was necessary to demonstrate an effect of aging in this population, as compared to stronger effects of statin use and differences in walking status. We also identified a potential protective bone effect of lipophilic statin use. There was a significant difference in longitudinal change in bone density based on statin use as non-statin users lost bone and lipophilic statin users did not. This perhaps suggests an anabolic effect on bone as has been suggested by prior studies. As questions have been raised about relationships between statin use and bone health being explained by differences in the health status of statin users and nonusers [16] , our study design permitted us to adjust for factors that may represent these differences [17] . We were able to adjust for factors reflecting health status, such as age, SCI motor completeness, and weight. A positive association between lipophilic statin use and bone density has been reported in cross-sectional studies of postmenopausal women [18, 19] and older men [13] . However, there is controversy in the literature regarding statin use and longitudinal change in bone density. A 1-year randomized controlled trial of 40 mg simvastatin failed to demonstrate significant increases in bone density in postmenopausal women with no known hypercholesterolemia at study entry [15] . Similarly, an 8-week course of 20 mg daily atorvastatin did not cause significant changes in markers of bone turnover in postmenopausal women compared to placebo [20] . However, the remodeling index (ratio of Ctelopeptide to osteocalcin) was reduced. This effect was seen only in participants age 62 or older in the atorvastatin group, suggesting an age-dependent effect of statins on bone turnover. An anabolic bone effect was reported in hypercholesterolemic postmenopausal women taking 40 mg of simvastatin for 1 [14] or 2 years [21] . Similarly, statin use has been associated with decreased risk of hip fracture [22] and vertebral fracture [23] in a dose-dependent fashion. Recent meta-analyses conclude that statins maintain and improve bone density in the general population and recommend prospective randomized clinical trials to confirm this in different populations [6, 7] . We assessed associations between statin use and longitudinal bone loss in a unique population predominantly of men predisposed to severe osteoporosis. These findings are in line with other observational findings and must be confirmed in large, well-controlled randomized clinical trials.
In the current study, the majority of statin users were actively taking the lipophilic statin simvastatin. Statins have low bioavailability in the bone, but lipophilic statins may have greater capacity to enter bone cells than hydrophilic statins [24] . Statins competitively inhibit HMG-CoA reductase to block mevalonic acid synthesis. Inhibition of downstream products of mevalonic acid, including farnesylpyrophosphate (FPP) and geranylgeranylpyrophosphate (GGPP), indirectly blocks farnesylation and/or geranylgeranylation of small G proteins. Small G proteins regulate gene expression, cytokine production, and vesicular trafficking. The osteogenic activity of statins has been attributed to both activation and inhibition of Ras/Rho family small G proteins. Varying statin doses may preferentially affect specific small G proteins with different effects on bone cell activities. In vitro studies have demonstrated inhibition of both osteoclast differentiation and osteoblast apoptosis following statin treatment [24] [25] [26] [27] .
Cardiovascular disease is a leading cause of mortality following SCI [28] [29] [30] [31] [32] [33] [34] . While statins are routinely prescribed to optimize lipid profiles and reduce cardiovascular risk, they are known to have pleiotroipic effects in the nervous system, immune system, and the skeleton. Statins are also thought to have neuroprotective properties that are independent of their lipidlowering activity with improved outcomes reported in neurological disorders including Parkinson's disease [35] , Alzheimer's disease [36] , hemorrhagic [37] and ischemic stroke [38] , and in rodent models of SCI, multiple sclerosis, and traumatic brain injury [39] [40] [41] . The neuroprotective effect of statins may be due to prevention of secondary neurodegeneration thereby preserving function. There are no reports in the literature of randomized controlled trials to determine the effect of statins on any outcome (cardiovascular, neuroprotection, or osteogenic) following SCI.
There are limitations of the current study that should be considered. We only studied bone loss at the knee, and therefore, these findings may not apply to other skeletal sites. As this was designed as an observational study, statin use is by self-report, and lipid profiles were not assessed. Also, our findings are likely reflective of simvastatin use and therefore should be confirmed in other lipophilic statins. Statin-induced myositis is a concern, especially for individuals with reduced strength following SCI. Based on our study design, we have no information on side effects associated with statin use. However, there was no difference in change in either total body or lower extremity lean mass based on statin use. As has been suggested in other observational studies of statin use and bone health, it is possible that our findings reflect selection bias and residual confounding. However, we did assess many traditional predictors of bone loss including age, gender, vitamin D status, and body composition, suggesting that this is not the case. Additionally, in this study, the post-SCI osteoporotic fracture incidence was 1.3 % while 20 % of all participants and 77 % of those with motor complete SCI reported prevalent post-SCI osteoporotic fractures. The majority of these fractures were at the knee (distal femoral metaphysis or proximal tibial metaphysis), and the location and fracture rates are similar to prior reports [2, 42] . However, there were too few fractures to assess the association between statin use and incident fracture, likely because of the relatively short observation period. Although a prospective study, these findings are hypothesis generating and must be confirmed in a well-designed randomized clinical trial.
Despite these study limitations, when considered in conjunction with recent meta-analyses, our findings support clinical trials to prospectively confirm the osteogenic benefits of statins and to identify optimal dosing in men and women with SCI. Our findings also suggest that therapies aimed at preserving the ability to ambulate, that introduce technologyassisted ambulation, or a combination of both may be osteoprotective after SCI.
